Irisin is a recently discovered myokine that increases adipocyte metabolism, induces further "browning" of white adipose tissue, and enhances glucose metabolism. No study has ever determined how an acute bout of exercise impacts immediate postexercise irisin concentration using a meta-analytic approach. The purpose of this study is to determine the impact of an acute bout of exercise on the magnitude of postexercise irisin concentration in adults using meta-analytic procedures. Searches were performed on PubMed, EMBASE, CINAHL, PEDro, SCOPUS, and SPORTDiscus databases. Effect summaries were obtained using random-effects models. Randomeffects single and multiple meta-regressions were performed to determine relationships between, and potential confounding effects of, variables of interest. Ten articles were retained for the final meta-analysis, producing 21 study estimates. An acute bout of exercise was accompanied by a post-exercise average increase in irisin concentration of 15.0 (95% CI: 10.8%-19.3%). There was no significant relationship between post-exercise irisin concentration and age, intensity of aerobic exercise, or type of exercise training session (resistance vs aerobic training). Fitness level and body mass index were identified as significant predictive variables for post-exercise irisin concentration. However, a multiple meta-regression model identified fitness level as the single best predictor, with being fit (21.1%±2.2%) associated with a nearly twofold increase in post-exercise irisin concentration, compared with being unfit (11.8%±2.1%).
Bostrom et al. 6 were the first to observe the release of irisin in humans following exercise. They observed a twofold increase in plasma irisin in eight healthy men following a 10-week endurance exercise program performed at 65% of maximal oxygen consumption (VO 2max ) . 6 However, most of the following studies yielded contradictory results as to how chronic exercise training impacts irisin production. 6, [8] [9] [10] [11] [12] [13] [14] Based on these results, the existence of circulating irisin in humans was questioned and it was claimed that the antibodies used in the commercial enzyme-linked immunosorbent assay (ELISA) kits lack specificity. Nevertheless, Jedrychowski et al. 15 unequivocally demonstrated that irisin exists in humans and increases following an exercise intervention. However, Qiu et al. 16 recently demonstrated through a meta-analysis that chronic exercise training has no significant effect on irisin concentration in nonrandomized studies, but was associated with decreased irisin blood levels in randomized controlled trials. A critical methodological problem with this meta-analysis is that authors did not account for the time point of irisin assessment following exercise. Studies included combined measurements taken as early as 30 minutes after the last training bout and as late as 2-7 days after the last training session. This is critical given irisin is a short-life molecule with a high rate of degradation. 8 From a physiological standpoint, many benefits from exercise are the results of the accumulation of acute bouts of exercise. 17 For example, it has been shown that insulin sensitivity increases during an acute bout of exercise and remains high for several hours post-exercise. 18 Therefore, assuming irisin has a potential role for health, it is logical to investigate irisin from an acute perspective.
In fact, studies that investigated the impact of acute bouts of exercise on irisin concentration follow the same trend as those looking at the effect of chronic exercise and provide inconsistencies across studies results. To the best of our knowledge, no meta-analysis examining the effect of an acute exercise training on irisin concentration in adults exists. Consequently, the purpose of this study was to use the meta-analytic approach to investigate the impact of an acute bout of exercise on the immediate post-exercise irisin concentration in adults, thereby removing any possible confounding effect of measurement time on the observed outcome. We hypothesized that irisin concentration would be significantly increased immediately following an acute bout of exercise.
| MATERIALS AND METHODS

| Search strategy
The process used for selecting research articles is outlined as a process flowchart in Figure 1 . Database searches were performed in MEDLINE (Ovid and PubMed), EMBASE, CINAHL, PEDro, Cochrane Central Register of Controlled Trails, SCOPUS, SPORTDiscus, and the World Health Organization International Clinical Trials Registry by an experienced librarian. The initial search was completed in April 2015, and the follow-up search was completed in April 2016. The entire date range was searched for all databases. The MEDLINE search is available as Supplemental Digital Content 1 (Data S1), and searches were adjusted for each database. The lead author (MS) went over the search results to determine whether any relevant studies were missing or not found by this search strategy. Case studies, conference proceedings, published abstracts, dissertations, and manuscripts published in non-peer-reviewed journals were discarded. Only Englishwritten articles were considered during the research process. All of the articles retrieved from the database search were reviewed (JF and BR) in a two-stage process. In the first stage, the titles and abstracts of the 309 articles were reviewed. If any reviewer deemed that the study met the inclusion criteria, or if either reviewer was uncertain whether the study inclusion criteria were met, the study was reviewed in full by the two reviewers. In the second stage, the full text of each article was read to determine whether the study would be included in the review. If the two reviewers could not reach a conclusive decision, ambiguity was resolved by a discussion with a third and a fourth reviewer (MS, EG).
| Inclusion and exclusion criteria
In order for individual studies to be eligible for inclusion and subsequent statistical analysis, all of the following criteria had to be met: (a) experimental study; (b) irisin was the main outcome of the study; (c) irisin was measured by immunoassay (ELISA); (d) pre-and post-exercise measures were assessed on all participants acting as their own control; (e) participants were aged 18 years or above; (f) the exercise protocol was composed of aerobic exercise and/or resistance training; (g) participants were inactive to moderately active; and (h) data were required to compute the variances and percent changes in irisin production.
| Data extraction
Data from the individual studies were extracted and coded in spreadsheets (Microsoft Office Excel, 2007, USA) for (a) study characteristics; (b) participant characteristics; (c) exercise protocol characteristics; (d) pre-and post-irisin measurements; (e) percent change in irisin measurements; (f) confounding variables including: age of participants, body mass index (BMI) of participants, fitness levels of participants, and intensity of exercise. Corresponding authors of all studies published within the past 5 years were contacted and asked whether they would accept to share raw experimental data or missing data that were not included in their research manuscript. Daskalopoulou et al. 19 and Anastasilakis et al. 20 answered to our corresponding authors and provided some data and/or answers to our questions.
| Measurement of irisin level following acute exercise
In an effort to render findings easily interpretable from a clinical point of view, the magnitude of the effect of acute exercise on immediate post-exercise irisin concentration is reported as the percent change in irisin level from before to after an exercise session. The percent change in irisin level following acute exercise was computed with the following equation:
2.5 | Confounding variables
| Age
Skeletal muscle mass is a strong predictor of irisin. 21 Strong evidence suggests that as individuals age, there is a significant decrease in skeletal muscle mass 22 which may impact the response to exercise-induced irisin concentration. Published irisin studies suggest that an upstream gene of irisin (FNDC5) is increased only in older adults compared to young adults, 6, 23 which might impact the acute irisin concentration.
| Body mass index
Body mass index, a proxy measure of percent body fat, has been positively [24] [25] [26] or negatively 27,28 associated with basal irisin levels. A study reported that irisin was secreted from adipose tissue 29 ; however, a recent study revealed that leptin, an adipokine, increases FNDC5 expression in the muscle, but downregulates the expression of FNDC5 in the adipose tissue. 30 As leptin is synthesized and secreted in proportion to the size of fat depots, 31 this adipokine constitutes one of the hormones that regulates the basal irisin levels with regard to adiposity. From a physiological standpoint, no consensus exists at this time on the contribution of adiposity to the abundance of circulating irisin during an acute bout of exercise. 28, 29 However, it logically appears that adiposity levels might alter basal irisin levels, which could impact the exercise response and irisin concentration during and after exercise.
| Measurement of age and body mass index
When possible, age and BMI data were taken as the mean values reported in each individual study. Daskalopoulou et al.
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were personally contacted to provide the mean BMI value in their pilot study. In the study of Anastasilakis et al., 20 the mean age and BMI values of the 20 subjects participating in the subgroup study included in this analysis were not provided. Hence, for this study, the mean age and BMI values were taken as those provided for the cohort of 120 subjects enrolled in this research manuscript assuming that the age and BMI were similar in the subsample group. In the studies of Huh et al. [32] [33] [34] and Loffler et al., 35 age and BMI values were taken as the average measured for the young and old adults, healthy and insulin resistant individuals, and lean and obese subjects, respectively. Norheim et al. 11 only provided the age range of participants. For that study, the mean age of subjects was taken as the average of the reported age range assuming a normal distribution across the age range represented in the study. For the study of Tsuchiya et al., 36 mean BMI was computed using the mean subjects' height and weight reported in the study.
| Resistance vs aerobic training
The exercise modality is another main confounder as different exercise types and/or intensities stimulate different metabolic pathways responsible for acute exercise responses. For example, mitochondria biogenesis is improved with aerobic exercise, which is likely the result of an upregulation of PGC-1α. 6 Resistance exercise aimed at increasing muscle mass does not activate this pathway to the same extent as aerobic exercise, consequently influencing irisin concentration during exercise. Irisin concentration has also been shown to increase in a dose-dependent manner with an increase in aerobic exercise intensity. In this meta-analysis, four individual studies from three articles were included using resistance training as the mode of exercise. 34, 36, 37 As for aerobic exercise, fifteen individual studies from ten articles were included in our analysis 11, 13, 19, 20, [32] [33] [34] [35] [36] [37] [38] To be considered as aerobic exercise, these studies had to use standard exercises such as walking, running (treadmill or outside), or cycling, which lasted a minimum of 10 minutes. Resistance training studies were included if they used free weights or universal machines; no studies using elastic bands were included in this metaanalysis. Tsuchiya et al.'s 36 study combined both aerobic and resistance training; however, in the current meta-analysis, it was classified as a study looking at the effect of resistance training on irisin as the effect summary was much similar in magnitude to that of the resistance training trial (12.9% vs 11.1%), but substantially different from that of the aerobic exercise trial (18.2%).
| Measurement of fitness level
To determine the impact of fitness level on irisin concentration during an acute bout of exercise, participants of each study were classified fit or unfit. In general, the fitness level of the population in most studies included in this meta-analysis was lacking detail; however, some authors were contacted to ensure appropriate categorization. 35 When no information was reported or when we did not receive feedback from the authors, we considered participants of these studies as unfit. 19, 35 Participants of the studies included in the meta-analysis were considered unfit if they were described as "sedentary," "inactive," or if their fitness level was "non-reported", 11, 13, 19, [32] [33] [34] [35] 38 and considered fit if they were described as follows: having several years of exercise experience, moderately active, and trained up to 5 session/wk during the last 3 months, moderately trained, or had a measure of the International Physical Activity Questionnaire above the 1000 METs/min/wk. 19, 20, 36, 37 , which according to the American College of Sport Medicine is just above "fair" or less than the 10 percentile. Similarly, the authors mentioned that they were recreationally trained for only a few months before the study.
| Measurement of exercise intensity
In this study, the impact of exercise intensity on irisin concentration was determined using different intensity quantification indexes. For example, some studies used percentage of VO 2max 11,13,19,36,38 or percentage of maximal heart rate, 34 while others used terminology such as all-out bout of exercise, exercise until exhaustion, intense bout of exercise, maximal bout of exercise, constant pace, and intense exercise. 19, 20, 32, 33, 35, 36 In cases where intensity categorizations were unclear, we contacted the corresponding author. 20, 35 Overall, studies were categorized as high-intensity exercise if they were performed at ≥80% of VO 2max or ≥80% of maximal heart rate. Similarly, studies that reported exercise intensity using terminology such as all-out or maximal bout, until exhaustion, or intense exercise were 13, 19, 34, 35, 37, 38 also considered high-intensity exercise studies. Likewise, studies were categorized as moderate intensity if they were performed at ≤ than 65% of VO 2max or maximal heart rate. Also, one study reported exercise intensity using absolute wattage (75 W). 
| Weighted mean effect summary
The weighted mean effect summaries were determined using random-effects models. This statistical technique weights each study by the inverse of the variance and incorporates between-study heterogeneity into the model. When possible, variances were directly calculated from the reported standard errors or standard deviations of the net percent changes in irisin from before to after exercise. When differences between groups were not reported, variances were computed from reported P values or confidence intervals (CI) and, when neither were reported, from P values equal to X, where X is any P values ≤.05. When only P>.05 was reported, individual variances for net percent changes in irisin were estimated with the formula used by the CMA software, using an imputed correlation coefficient of 0.50.
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Several research manuscripts included more than one treatment effect for a given type of exercise training where the same group of individuals served as research participants. To account for independency of research data, an important assumption of parametric statistical analyses, two separate statistical analyses were performed where, on one occasion, the weighted mean effect summary was determined with only one effect estimate and weighting factor per group of research participants and, on the other, where each outcome was treated independently. If both approaches yielded similar figures and did not statistically significantly differ from one another, then the model treating each outcome independently was retained as it allows the retention of a maximum amount of information. Normality of data distribution was verified with the Shapiro-Wilk test. If abnormal distribution was detected, then the dataset was tested for outliers using the outlier labeling rules technique. 41 Results are reported as means±95 confidence interval (CI) and were considered significant when the 95% CI did not include 0.
| Clinical significance of findings
The clinical significance of the effect of exercise training on changes in irisin level before and after training was computed using the spreadsheet developed by Hopkins. 42 The smallest acceptable worthwhile clinical change in irisin level from before to after training was set at 4.08%, computed as 0.6×the mean (6.8%) of the intra-and interassay coefficient of variations 43 for the measurement of irisin level reported in these studies.
19,36-38
| Heterogeneity
Heterogeneity was first examined with a forest plot visual inspection and then statistically tested using the Cochran Q test, with P≤.1 taken as significant. 44 The magnitude of inconsistency across the findings of studies was quantified using the I 2 statistic, with values less than 25% indicating low, 25%-50% moderate, and greater than 50% indicating high heterogeneity. 45 Ninety-five percent CI for the I 2 statistic was computed according to Higgins and Thompson. 
| Publication bias
The evidence of literature bias was examined with a funnel plot and cumulative analysis forest plot (largest to smallest studies) inspection and then statistically tested using Egger's test of the intercept. 44 The Orwin's Fail-safe N procedure was used to test whether the overall observed weighted mean treatment effect summary was an artifact of bias, 44 with the smallest worthwhile change in irisin level following exercise being set at 4.08%, as previously explained. Finally, the potential impact of bias was estimated using the trim-and-fill technique. 
| Meta-regression analyses
In order to determine the influence of continuous or categorical variables on the % change in irisin due to an acute exercise training session, restricted maximum-likelihood randomeffects model single or multiple meta-regression analyses were performed using a priori identified variables. Categorical variables were dummy-transformed with k−1, where k is the number of levels of the original variable. Multiple regression analyses were examined for the presence of multicollinearity between predictor variables (variance inflation factor). The alpha level for statistical significance was set at P≤.05.
| RESULTS
| Search results
After a thorough search of the literature, 309 research manuscripts were identified as potentially suitable for analysis. Of these, 10 manuscripts met all of the inclusion criteria, producing a total of 21 individual treatment effects. Two individual studies from Kraemer et al. 38 and Tsuchiya et al. 13 were excluded due to the identification of outliers. Overall, results of 19 individual studies were available to investigate the impact of acute exercise on immediate post-exercise irisin concentration. Five research manuscripts produced more than one treatment effect because of many group comparisons 11, 19, 34, 36, 37 with Daskalopoulou et al., 19 Huh et al., 34 Norheim et al., 11 Nygaard et al., 37 and Tsuchiya et al., 36 respectively, producing 4, 3, 2, 2, and 3 effect estimates. The research manuscripts produced by Daskalopoulou et al. 19 and Norheim et al. 11 contained two independent groups of research participants. All other manuscripts comprised a single group of participants. Table 1 summarizes the main characteristics of the individual studies retained for analysis. The letters in superscript in Table 1 match those in Figure 2 .
| Description of research participants
A total of 241 participants were represented in the 10 research manuscripts included in this meta-analysis. The average sample size per individual study was 20±4 subjects. Women represented 20% of the participants across the 10 research manuscripts included. The average age, height, weight, and BMI of participants were, respectively, 32±4 years, 172±3 cm (N=5 research manuscripts), 72±3 kg (N=6 research manuscripts), and 25±1 kg/m 2 .
| Description of exercise protocols
Acute aerobic exercise protocols are described in Table 1 . Studies using aerobic exercise 11, 19, 20, [32] [33] [34] [35] [36] [37] 37 performed one session of high-interval treadmill running with a self-selected speed (6×5 minutes) with the last interval being an all-out effort. Loffler et al. 35 performed 10 minutes of jogging, followed by 10 minutes of gymnastics followed by 10 minutes of sprints. Finally, Tsuchiya et al. 36 had subjects cycled on an ergocycle for 60 minutes at 65% of VO 2max and 60 rpm. As for the resistance exercise, Huh et al. 34 used three sets of 8-12 repetitions at 75%-80% of 1-repetition maximum (1RM), while Nygaard et al. 37 used three sets of 10-12 maximal repetitions. Tsuchiya et al. 36 used four sets of 12 repetitions for latissimus (lat) pull down and chest press and three sets at 65% of 1RM for the remaining exercises. All three studies included exercises that were targeting major muscle groups (leg press, chest press, lat pull down, and arm curl).
| Description of irisin measurement
Studies included in the meta-analysis measured irisin with commercially available immunoassay (ELISA Kit). Seven of the 10 articles analyzed irisin concentrations in the plasma, 11, 19, [32] [33] [34] [36] [37] [38] while three articles used serum to analyze irisin concentration. 13, 20, 35 Studies used immunoassay from phoenix pharmaceuticals, some were first-generation immunoassays (EK067-52), 13, 19, 20, 32, 33, 36, 37 while others used second-generation assays (EK 067-29). 34, 35, 37 One study used both generation of immunoassays. 11 The second-generation immunoassays were validated with Western blot and with mass spectrometry 47 and did not require peptide extraction such as the first-generation assays.
| Irisin change following acute exercise
| Weighted mean effect summary
Following the removal of outliers (n=2), irisin data were normally distributed. The impact of acute exercise on immediate post-exercise irisin concentration is shown in Figure 2 . Overall, irisin concentration following an acute bout of exercise increased by 15.0 (95% CI: 10.8%-19.3%). Based on a smallest worthwhile change in irisin of 4.08%, the impact of acute exercise on immediate post-exercise irisin concentration is considered of significant clinical importance. A computation using only one finding per group of research participants yielded a similar effect of acute exercise on irisin concentration of 14.8 (95% CI: 8.8%-20.7%). The magnitude of this effect was not different compared with when all individual study findings were considered to be independent (P=.94). A sensitivity analysis demonstrated that the deletion of each study one at the time from the model neither changed the magnitude nor significance of the impact of acute exercise on irisin concentration.
| Heterogeneity
Examination of Figure 2 suggested a lack of homogeneity between research findings. In that respect, a statistically significant heterogeneity was observed between research findings (Q=50.21, P<.01), with an I 2 value of 64% (high heterogeneity) (95% CI: 42%-78%).
| Publication bias
Visual inspection of the funnel plot suggested a publication bias, with missing studies at the bottom left side of the mean. However, the Egger's tests of the intercept (0.57) was not statistically significant (P=. Examination of a cumulative analysis forest plot showed that the inclusion of studies with small sample sizes had a trivial impact on the % change in irisin following acute exercise.
F I G U R E 2
Forest plot demonstrating the impact of acute exercise on irisin concentration. CI: confidence interval. ♦: represents overall weighted mean treatment effect. Size of square is proportional to the weight of the study. Years and letters in parentheses match those found in Table 1 F I G U R E 3 Relationships between the % changes in irisin from pre-to post-acute exercise and age (A), body mass index (BMI) (B), fitness level of participants (C), intensity of aerobic training session (D), and type of exercise training session (resistance vs aerobic training) (E) Figure 3 shows the relationships between the percentage changes in irisin from pre-to post-acute exercise and age (A), BMI (B), fitness level of participants (C), intensity of aerobic training session (D), and type of exercise training session (resistance vs aerobic training) (E). Being fit was associated with a further increase in irisin concentration of 9.3% (95% CI: 1.9%-16.7%), compared with unfit individuals. Similarly, a BMI≥25 kg/m 2 was associated with a 7.7% (95% CI: −14.8% to −0.6%) lower irisin concentration following an acute bout of exercise compared to individuals with a BMI<25 kg/m 2 .
| Meta-Regression Analyses
No other significant associations were observed. There was no significant relationship between the percentage changes in irisin level between studies and the sample size (P=.66). Regression outputs showed people aged >25 years old had a larger percentage change in irisin following acute exercise compared to participants aged ≤25 years old (6.5%±3.6%; P=.07). Multiple meta-regression analyses demonstrated that, when the effect of fitness level was controlled, the effect of age (being above 25 years old decreases irisin concentration by 1.5%, compared to being below 25 years old, P=.74) and BMI (being above 25 kg/m 2 decreases irisin concentration by 1.0%, compared to being below 25 kg/m 2 , P=.89) on irisin concentration following exercise was no longer significant. A multiple meta-regression model examining the impact of fitness level, age, and BMI on irisin concentration showed that these factors combined explained 23% of the variation in the change in irisin among the research studies.
| DISCUSSION
To the best of our knowledge, this is the first study investigating the impact of acute exercise on irisin concentration in adults using a meta-analytic approach. The findings of the current study provide important and relevant insight into the impact of an acute bout of exercise on immediate post-exercise irisin concentration in adults. First, the results confirm that irisin is secreted during an acute bout of exercise in adults. Second, the magnitude of change in irisin during an acute bout of exercise is about 15%, which from a clinical point of view is relevant. Finally, age, BMI, and fitness level explain about 23% of the irisin concentration following an acute bout of exercise in adults. Collectively, these results shed light on the controversy of whether or not irisin is secreted following an acute bout of exercise and suggest factors that may contribute to a greater irisin concentration during acute exercise in adults. This study adds to the whole body of evidence on exercise and irisin concentration 6, [8] [9] [10] [11] 13, 14, 19, 23, [32] [33] [34] [35] [36] [37] [38] 47, 49 by documenting the acute changes of irisin immediately following an acute bout of exercise. We propose, based on our results, that the controversy that exists with respect to irisin concentration following exercise in adults could, at least in part, be explained by whether irisin concentration is measured acutely (after a bout of exercise) or later (several hours or days) following an exercise session. For example, some studies from the literature had a window of 2-7 days to take the post-blood draw, 8 while the studies included in our meta-analysis had all the blood draws taken immediately post-exercise with the exception of two studies that took their post-blood draw 3 minutes 19 and 20 minutes post-exercise. 38 This observation suggests that study design may have a major impact on determining the outcome of an exercise intervention on irisin concentration in adults. Therefore, our meta-analysis adds to the literature on irisin by describing the importance of measuring irisin immediately post-exercise. To strengthen our assertion, Qiu et al. 16 recently performed a meta-analysis and observed an effect of chronic exercise on irisin concentration that completely diverges from our results. They observed a decrease in plasma irisin in randomized controlled trials (RCT), while no change in irisin concentration was observed in non-RCTs. Interestingly, Qiu et al. 16 did not control for the time point of irisin assessment following exercise, and combined together measurements taken as early as 30 minutes after the last training bout and as late as 2-7 days after the last training session. Because it has been established that irisin is a short-life molecule with a high speed rate of degradation, 8 Qiu et al. 16 results are therefore not surprising. However, they highlight a fundamental and critical point: that irisin appears to respond only acutely to the impact of exercise and that the physiological adaptations brought by chronic exercise are not sufficient to keep irisin levels elevated beyond the acute effect of exercise. In our study, the magnitude of change in irisin with exercise was 15%. This result aligns with another study that reported an 18.4% increase in irisin following an acute bout of exercise in moderately active adults. Similarly, an acute whole-body vibration exercise increases irisin by about 10% in untrained women. 32, 33 An increase in irisin is relevant as some data suggest that irisin plays a key role in metabolic health, more specifically with glucose metabolism 14, 50 and insulin resistance. 28 Furthermore, a study showed a 40%-50% reduction in plasma irisin in individuals living with type 2 diabetes compared to lean individuals. 14 Similarly, a study revealed that irisin was associated with a lower hemoglobin A 1c , and a better glucose tolerance. 27 Finally, irisin was shown to be protective against the development of type 2 diabetes. 27 This is not trivial considering the impact of the complication associated with diabetes. Nevertheless, these results should be interpreted with caution as most of the studies investigating irisin and health markers were cross-sectional and do not allow causal links. Together, our results along with the literature suggest that irisin is negatively associated with some of the metabolic markers and irisin increases during exercise to a level that could have potential health implications.
Interestingly, in our study, we found a twofold increase in plasma irisin concentration during an acute bout of exercise in fit compared to unfit individuals. Contrary to our results, many individual studies in the current literature do not support fitness levels as a determinant of irisin concentration. 32, 33, 51 For example, no association was observed between VO 2peak and irisin concentration in a cohort of Japanese men. 51 Huh et al. 32, 33 found a significant increase in irisin concentration during an acute bout of exercise to exhaustion. However, the interaction between fitness level and irisin concentration was not significant. These studies were either cross-sectional or did not capture a sample with a large range of fitness levels, which might have masked the association between irisin and fitness. Of great interest, a study investigating irisin concentration in extremely fit adults showed a 33% increase in irisin during a half-ironman race. 48 This study supports our finding and suggests that fitness level could be a relevant moderator of irisin. This result is challenging to explain; however, a study suggests that PGC-1α is upregulated in exercisers and decreased in sedentary individuals. 52 Therefore, as irisin is a PGC-1α-dependent myokine, it is logical to believe that fit individuals generate a greater upregulation of the PGC-1α, which translates into a greater irisin concentration. 6 All together, these results emphasize the need of improving fitness in adults and offer a potential explanation of how fitness impacts irisin blood concentration. Another interesting result of our study is that the acute irisin response with exercise was in part explained by BMI with a lower response in participants with a high BMI. This result is novel and adds to the literature by documenting the dynamic response in individuals of different BMI. In fact, most studies investigated basal irisin level according to obesity status, using a categorical variable. For example, it has been shown that irisin was higher in obese patients compared to normal-weight individuals. 26 Similarly, irisin was positively associated with BMI in a non-diabetic population. 24 This phenomenon was coined the "irisin resistance syndrome," which would be a metabolic consequence to overcome some potential glucose metabolism disturbance that occurs with obesity. 25 The positive association between BMI and basal irisin could potentially be explained by a greater skeletal muscle mass, which is a strong predictor of irisin. 9, 26 In fact, it is important to highlight that irisin is the product of change in FNDC5 and one study revealed an increase in FNDC5 skeletal muscle in obese individuals compared to lean individuals. 14 Consequently, one may argue that people in the lowest category of BMI had lower basal irisin; however, the percentage of change in irisin was used in our study, which accounts for this potential difference. Nevertheless, our study is the first to describe an alteration in irisin metabolism that occurs during an acute bout of exercise according to BMI status.
| Limitations and strengths
Even if the findings of this meta-analysis are relevant and enhance the comprehension of irisin concentration immediately following an acute bout of exercise, the study has limitations that need to be highlighted and the results of this metaanalysis should be interpreted accordingly. First, the disparities in terms of variables included in each study do not allow us to perform multiple subgroup comparisons. For example, it would have been interesting to see whether obese individuals compared to lean individuals have the same irisin concentration response to an acute bout of exercise. Second, as BMI does not account for the distinction between adipose tissue and lean body mass, our results should be interpreted with caution. Third, the search strategy has been limited to English studies only. Consequently, it is possible that other studies in different language were missed by our search. Fourth, the data from the studies included in this meta-analysis did not allow the precise investigation of the "recovery time" of irisin following exercise, which would have enhanced our metaanalysis. Finally, due to missing information reported in studies, some of the data were not directly computed, but rather estimated and some of the categorizations were based on what the authors reported and were not objectively measured variables. However, our meta-analysis has many strengths that are worth to be mentioned. Studies included in our meta-analysis had the same time point for irisin measurement, and the same methods to measure it, which facilitates the comparisons. Also, we used a meta-analytic approach using a randomeffects model to document this novel topic about acute irisin concentration. Finally, many confounders were taken into account in our analysis and help identify the independent effect of irisin concentration after an acute bout of exercise in adults.
| Perspective
Based on the results from our study, the following recommendations should be considered for future studies to pursue the quest of identifying whether irisin can explain the metabolic health benefits of exercise. First, studies looking at exercise and irisin should focus on the acute part of irisin concentration. Second, the research community should agree on what time point is appropriate for the post-acute measurement of irisin, which would allow researchers to perform better comparisons with the current literature. Our study suggests that immediately, post-exercise seems to be the ideal time point. Third, studies should use immunoassay kits validated against Western blots and mass spectrometry to ensure the validity of their results. This point is essential as there was great deal of controversy surrounding circulating irisin detection in humans. Mostly for the following reasons: commercial antibodies and ELISA kits revealed prominent cross-reactivity with non-specific proteins, the lack of specificity of the antibody used in commercialized ELISA kits, and human FNDC5 is known for its atypical starting codon, ATA. All together, these reasons were used to argue against the existence of human irisin and to make it a myth. 53 Nevertheless, Lee et al. 54 were the first to detect irisin using a mass spectrometry technique, and 1 year later, Jedrychowski et al. 15 indisputably quantified the change of circulating irisin in humans with mass spectrometry. Our results suggest that irisin increases by about 15%, while Jedrychowski et al. 15 found a 19% increase in irisin using "state-of-the-art" quantitative mass spectrometry. Interestingly, human irisin concentration was found to be at the same level (leptin, resistin, insulin) or above other meaningful biological hormones (IL-6, glucagon, TNFalpha). Therefore, based on these observations and studies that found associations between irisin and health markers, it seems rational to hypothesize that irisin might have a physiologically meaningful role in health. Our results are of great concern from a clinical standpoint, as they confirm that irisin increases acutely in adults, and that fitness level appears to be strongly associated with increases in irisin. All together, these results add to the whole body of literature on fitness level and health.
| CONCLUSION
This meta-analysis showed that acute exercise is associated with a significant immediate post-exercise increase in concentration of the molecule irisin in adults. Also, this increase occurs at greater extent in fit individuals and in those with a low BMI, although fitness is the determining factor. Therefore, this study describes the change in irisin immediately following an acute bout of exercise and reinforces the notion of increasing fitness level and maintaining a healthy BMI for adults. Other studies might want to study the impact of acute exercise on irisin concentration response in different populations that might have different baseline levels of irisin.
